A family of novel graphite-based composites reinforced with a dispersion of molybdenum carbide particles, with very high thermal and electrical properties, has been recently developed at CERN, in collaboration with Brevetti Bizz (IT), for applications in particle accelerators. These materials, produced by spark plasma sintering, assisted by liquid phase, have been extensively investigated and characterized. The influence of the initial constituents, together with the sintering parameters, have been studied in view of optimizing the thermo-physical and mechanical properties as well as ultra-high vacuum compatibility. The carbide phases and the microstructures have been analysed. Their excellent thermal conductivity (approaching 800 Wm À1 K À1 ), low thermal expansion and low density make these materials appealing for high-end thermal management applications.
Introduction
Graphite has received great attention for nuclear applications since the first reactor was realised in 1944 [1] . Beyond the nuclear sector, many industrial applications extensively rely on graphite because it features extraordinary thermal and chemical stabilities, very low thermal expansion, while being a good electrical conductor.
In particle accelerators, such as the Large Hadron Collider (LHC) at CERN [2] , graphitic materials are extensively adopted in beam intercepting devices (BID), which are designed to withstand the extreme conditions (temperatures and pressures) induced by the accidental or deliberate impact of particle beam pulses on matter. On top of ensuring outstanding thermal shock resistance, these materials must typically fulfil a number of additional requirements, such as high geometrical stability and resistance to radiation damage [3] ; in some cases, as in collimators for circular accelerators, high electrical conductivity is also sought to limit their destabilizing effects on particle beams [4] .
LHC collimators (Fig. 1a) are a family of BID relying on two movable girders, known as jaws (Fig. 1b) , which interact with external particle halo to control size and shape of the particle beam and shield delicate accelerator components such as superconducting magnets from highly energetic particles [5] . In normal operation, only a tiny fraction of the beam is intercepted by the collimator jaws; however, this is enough to induce significant heat loads, which may grow up to 25 kW over several seconds [6] . High thermal conductivity is required in jaw materials to minimize temperature gradients which may lead to unacceptable thermal deformations, and to limit temperature peaks which may cause, inter alia, excessive outgassing rates.
Moreover, in case of accidental orbit errors, a direct impact of the proton beam on the jaw can occur, generating a rapid increase of temperature and pressure (thermal shock), potentially leading to the failure of the component [7] [8] [9] .
The design of collimators presently installed in the LHC largely relies on graphite-based materials such as Carbon Fibre-reinforced Carbon (CFC) [5] . These materials have so far very well performed.
In the coming years, however, an important upgrade, known as High Luminosity LHC (HL-LHC), is foreseen, increasing the stored beam energy from 362 to 692 MJ [10] . This trend is set to continue in future studies such as the 80÷100 km long Future Circular Collider (FCC), with a projected stored energy of 8.4 GJ [11] . The loads in operation on collimators will consequently increase significantly.
None of the materials currently employed in the active part of LHC Collimator jaws is predicted to fulfil all the requirements posed by the more severe working conditions expected in the HL-LHC: in particular, numerical simulations indicate that the limited electrical conductivity of graphite and CFC may induce electro-magnetic instabilities in the particle beam [12] . Other graphite-based materials such as forms of Highly Oriented Pyrolytic Graphite (HOPG) have been considered. These materials have thermo-physical properties that exceed the requirements in the direction of the basal planes, however, they poor intrinsic performance in the through-plane direction make them unfit in the HL-LHC collimators. The uncommon combination of properties required can be met by certain graphite-matrix composites, particularly those including the advantages of liquid phase (LP) sintering.
One of the first published attempts at producing metal (carbide) e graphite composites sintered with metals in liquid form was that by Humenik and colleagues [13] . Graphitic materials produced by hot-working with a dispersed liquid carbide phase (termed HWLC) were firstly investigated by White and Pontelandolfo [14] [15] for the purpose of developing graphite-based materials with improved properties for high-temperature nuclear and aerospace applications. The observed strengthening effect with the HWLC method was in sharp contrast to bodies hot-worked in similar conditions but without the carbide additives, and to bodies including the carbide phase but hot-worked at temperature below carbide melting point [14] . The strengthening effect of the carbide inclusions was also demonstrated in Ref. [16] , in comparison with bodies without the inclusions hot-worked in the same conditions (2700 + C).
Although appreciable reductions in gas permeability and increase in strength were attained, the overall improvement was limited. R.B. Matthews [17] presented a very comprehensive study of the HWLC materials, comparing different additions, treatments and studying the strengthening mechanism in detail, especially the interactions between molten molybdenum carbide and carbon [18] . The R&D program presented in this paper has investigated novel materials based on this mechanism, while addressing some of the drawbacks and limitations of past attempts.
Apart from high densification through void infiltration, the LP induces catalytic graphitization by dissolution of individual carbon atoms, eventually connecting them to form solid graphite [19] . This continuous dynamic dissolution-precipitation process dissolves the most disordered and hence most reactive carbon structures e such as amorphous regions or edges of basal planes e and precipitates fresh graphite that grows and bonds together the initial graphite crystallites [17] [18] [20] . The existence of a decreasing solid solubility of carbon in a À MoC 1Àx , see Fig. 5 , leading to precipitation of the excess carbon in the form of graphite also during cool down, might contribute to the high cohesion of the graphite matrix. However, other systems such as Ti-C or V-C, not exhibiting a decreasing solubility line, still exhibit significant strengthening [16] .
If high temperatures are involved, the defects within the graphitic structure have high mobility, which progressively improves the lattice towards the ideal graphite crystalline structure (interplanar spacing d 002 ¼ 0:3355 nm). This is the (standalone) graphitization process. Graphitization is a temperature-dependent process which begins at temperatures close to 2300 K. The strongest temperature-dependent structural changes by the graphitization process occur close to 2550 K, the so-called graphitization threshold which is the minimal heat treatment temperature for the development of true graphitic ordering [21] . For practical reasons, highly graphitized commercial products typically receive thermal treatments at temperatures above 3000 K to ensure the efficient development of the graphitic structure [22] .
Catalytic graphitization modifies the process energetic pathways and allows production at lower temperatures with significantly shorter process durations. While the catalytic graphitization process is favoured by higher temperatures and longer sintering times, an optimal particle size of catalyst and carbon-based precursors as well as their homogeneous distribution are necessary to reach a satisfactory final material structure. In this context, a family of graphite-matrix composites reinforced with molybdenum carbides (Molybdenum Carbide e Graphite, MoGr) has been co-developed by CERN and the Italian SME Brevetti Bizz [23] , partly within the EuCARD, EuCARD-2 2 and ARIES 3 collaborations, with the goal of increasing the electrical conductivity of collimator materials, while maintaining or improving the beam impact robustness of currently adopted CFC jaws [24] . A recent beam-impact experiment (HRMT-23) at the CERN HiRadMat facility [25] demonstrated the validity of the design of HL-LHC secondary collimator with MoGr absorbers [7] [26] [27] . A collimator prototype using this novel composite material has been manufactured and is being tested in the LHC ring.
Experimental

Production
MoGr is processed by spark plasma sintering (SPS), in the presence of LP, starting from powders of graphite, molybdenum and, in some grades, carbon fibres (CF) and titanium. SPS, a variation of hotpressing, is a powder metallurgy technique that uses the flow of electrical current through the material and the mould as heating source.
The graphite powder used is grade 3260 from Asbury Carbons Company, consisting of crystalline natural graphite with spheroidal-flake morphology (Fig. 2) , with a mean particle size of around 30 mm, and at least 90% of the particles between 10 and 80 mm. This morphology was chosen to limit the anisotropy of the final material, as well as to facilitate the compactness [24] . In contrast to examples of prior art based on carbon fillers and binder pitch as raw materials, already graphitized constituents are used, making carbonization and graphitization stages unnecessary. Molybdenum and titanium powders have a mean particle sizes of 5 mm, and metal purity higher than 99.9%. Pitch-based CFs are present in two grades, MG-6530Aa and MG-6541Aa, with a diameter of 10 mm and a length of 250 mm (Cytec ThermalGraph DKD) or 3 mm (NGF Granoc XN-100-03Z). The addition of CFs is a further difference with respect to prior art.
The powder mixture is prepared in a 3D mixing machine, dry and without any mixing media, and then compacted into a green body at up to 300 MPa in a uniaxial hydraulic press, inside a steel mould. Compression-induced shear stress preferentially orients the graphite grains with their basal plane perpendicular to the pressing direction (Fig. 3) . Due to the spheroidal shape of the graphite powder, a minor part of the graphite grains is present in otherthan-the preferred orientation. Even if CFs, when present, are dispersed randomly together with the other powders in the mixing machine, they likely have preferred orientation after compaction, with their axis perpendicular to the pressing direction. The green body is then inserted into a tailor made graphite mould consisting in top and bottom punches and a lateral container (Fig. 4) ; this is an additional difference with respect to the HWLC process developed by White and Pontelandolfo [15] where the lateral surface was free to expand and to allow the excess liquid to be squeezed out. John and Jenkins showed that hot-working radial strain is beneficial for strengthening, up to a certain extent when cracks appear and lower the properties [16] . The sintering cycles are performed in a currentassisted sintering machine custom-built by Brevetti Bizz, capable to reach sintering temperatures in excess of 2700 + C, while applying a pressure of up to 35 MPa. It is well known that the application of pressure thermodynamically favours graphitization [28] : sintering pressures are limited by the mechanical strength of the mould. The direct current through the electrode is typically around 15 kA for plates with area of 150 cm 2 ($ 100 A cm À2 ), which produces a power loss in the order of 100 kW. The morphology of the components and the manufacturing process lead to a transversely isotropic material: the in-plane and perpendicular directions are defined as those parallel and perpendicular to the graphite basal planes, as shown in Fig. 3 .
The sintering temperature exceeds the eutectic temperature of molybdenum with carbon (2584 + C), forming a LP containing large amounts of dissolved carbon; the eutectic molybdenum-carbon contains 45 at:% of carbon (Fig. 5) .
Since, during sintering, part of the LP flows out of the plate impregnating the graphite mould, the final composition results in a lower carbide content compared to the theoretical one, based on initial Mo content. This entails difficulties to calculate the actual compaction and the final composition, because the exact measurement of the amount of LP spill is not practicable.
The processing temperature is controlled by means of an optical pyrometer; in the sintering set-up used, the temperature is read on the lower punch, to limit issues related to the very high temperatures achieved (Fig. 4) . Since a non-negligible temperature gradient exists between the measuring point and the core, the actual temperature during the process can be inferred by recording the temperature at the moment of the eutectic reaction (2584 + C), which can be deduced by the change in compression speed due to ongoing melting. The presence of molten material squeezed out of the plates confirms that the eutectic point is reached.
After sintering, the plate is submitted to a pressure-free heat treatment aiming at releasing the internal stresses induced by the sintering cycle. This is performed inside a special set-up allowing the flow of current through the mould walls without the application of pressure to the plate.
The size of the final plates can be 100 Â 150 mm, with a thickness of around 30 mm. Out of these, specimens for the characterization as well as full-size collimator blocks have been machined, hence ushering in industrial-scale production. Other shapes, such as discs, are also possible.
Gas pressure inside the sintering machine is lower than $ 10 À1 mbar. Due to the closed geometry of the moulds during sintering, the effect of the chamber pressure in material gas content might be negligible. On the other hand, the pressure-free set-up used for the post-sintering heat treatment includes openings in the mould, allowing material outgassing and improving pumping.
Out of the 15 different grades produced and characterized at CERN [24] , focus is given to the four most recent which benefit from better knowledge of the detail of the production process (Table 1) . Unfortunately, the number of tests, to evaluate the influence of individual variables, was limited by reason of time. The testing combinations were chosen to maximize the probability of success in the final properties. The four MoGr grades presented in this study are shown in Table 1 . The initial composition is reported, as well as the parameters of the sintering and the post-sintering cycles. The digits of the identifier depend on the initial content of molybdenum, graphite, carbon fibres and titanium powders respectively. The final letter tag the different post-sintering treatments. The relevant differences between each grade and the previous one are in bold. The main variables are the content of titanium, CF, and the temperature of the postsintering cycle.
Characterization
After production, samples for thermomechanical characterization were machined by conventional milling methods from the sintered plates. For measuring each property, three samples per direction were tested and the resulting values averaged. In temperature dependent plots, the curve shown corresponds to the best fit of all measurements.
The thermomechanical characterization was performed at CERN, with the following equipment: Netzsch Differential Scanning Calorimeter (DSC) Pegasus 404C, Netzsch Laser Flash Apparatus (LFA) LFA427, Archimedes scale, Netzsch horizontal pushrod dilatometer DIL 402E, and Zwick/Roell Z400 Universal Testing Machine. Full details of the measurements can be found in Ref. [30] [31] [32] . The accuracy of these measurements is within 5%.
All the shown density values are calculated from the apparent solid volume measured with the Archimedes Scale, therefore including closed porosity.
The bending strength was measured according to the standard ASTM C1161-02, with the 4 point configuration. Strains were measured with a strain gauge glued to the face under tensile stress. The elastic constants were computed from the resonance frequencies of parallelepiped samples, measured in the two different orientations of the material with the impact excitation technique (IET) according to standard ASTM C1259-01. As the standard method was not devised for anisotropic materials, such as MoGr, the measured frequencies were used as inputs in a finite element analysis optimization algorithm (ANSYS), described in Ref. [33] .
The thermal diffusivity was measured according to the flash method ASTM E2585. The thickness of the usual LFA samples (Ø10 Â 2 mm) was detected to be problematic even when using the shortest practical laser pulses (0:6 ms), because the characteristic diffusion time is of the same order of magnitude. This effect was observed when measuring samples of different thicknesses from the same material, in the in-plane direction and at low temperatures (high diffusivity). Thicknesses between 5 À 10 mm were observed to provide more accurate results, and were adopted for the in-plane diffusivity measurements presented in this paper.
The electrical conductivity of parallelepiped specimens is calculated out of their dimensions and of their resistance, which is measured using four-wire sensing in order to eliminate electrodespecimen contact resistance from the measurement. The set-up is analogous to that proposed by the standard ASTM C611-98. In the inplane direction, an eddy-current commercial device Sigmatest 2.069 from Foerster (in the full frequency range 60 À 960 kHz) gives electrical conductivity values within ±10% with respect to the method aforementioned. Due to the anisotropy of MoGr, in the perpendicular direction, the device measures a sort of 3D-bulk average, thus resulting not appropriate for this direction. In-plane values both from four-wire and eddy-current methods are shown in Table 5 .
Microstructural analyses were performed using a Zeiss Sigma field emission scanning electron microscope (SEM). Samples prepared for SEM observation were progressively polished with silicon carbide polishing discs under water flow (up to grit size P1200), to continue with diamond polishing paste on polishing soft cloth. Last step applied was using 1 mm diamond paste. Ion-polishing was performed with a Gatan Ilion II argon milling system. X-ray diffraction (XRD) analyses were performed with Siemens D5000 diffractometer with Bragg-Brentano q À 2q configuration, using Cu K À a 1 radiation (l ¼ 1:54056 A) at room temperature (RT).
Lattice parameters of the carbide phases were obtained from Rietveld refinement using Materials Analysis Using Diffraction (MAUD) software. If the crystallites in the sample are smaller than 500 nm, the diffraction conditions are not ideal and the peaks become broadened. An analysis of diffraction peak broadening can be used to determine the crystallite sizes up to 500 nm [34] . Rietveld refinement was also used to obtain the graphite crystallite size after calibration of the instrumental broadening with a LaB 6 powder reference sample. The broadening effects considered (Delft model) were the crystallite size and the instrumental broadening, and the refinement was performed with "arbitrary texture" and "anisotropic crystallite size" model. The surface state of the samples for XRD analyses was as-received from the supplier. No relevant differences in the position of the diffraction peaks were found by changing the surface state, for instance after polishing or ultrasonic bath cleaning. In order to improve the readability of the graphs, all XRD analyses were performed on perpendicular surfaces, in this manner the most intense peaks of graphite, mainly the (002) and (004), had reduced intensity due to the texture. Besides that, this orientation favours the diffraction of the set of planes (100) and (110), which allows to obtain the basal plane crystallite size (L a ).
The texture of the carbides and of the graphite matrix is being investigated and is not covered in this article. (Fig. 7) . The microstructures show no relevant changes between the different grades.
Results
Microstructural characterization
The homogeneity of the microstructure is confirmed by the repeatability of the thermo-mechanical measurements in samples obtained from different positions of the plate.
Differences in light reflectivity and/or scattering of the polished samples were observed in the two different orientations of the material after applying the same polishing process (Fig. 8) . The preferred orientation of the graphite matrix allows flatter surfaces perpendicular to graphite basal planes compared with in-plane surfaces.
Both polished surfaces were also submitted to ultrasonic bath in ethanol at RT during 15 min. Sonication is an efficient method to remove dust from the surface prior to microscopical observations, but this treatment was found to change the visual appearance of MoGr, especially in one of the two orientations. The quality of the mirror surface was worsened after sonication, in particular in the in-plane surfaces.
Some of the graphite flakes were removed from the surface during the ultrasonic bath. On perpendicular surfaces, the removal is much less severe. Due to its anisotropic sp 2 hybridization, C-C bond in graphite is much weaker between basal planes than inside them (7 kJ=mol and 524 kJ=mol respectively [22] ), resulting in an 
Sintering cycle (S), Post-Sintering thermal treatment (PS).
a Short carbon fibres: length of 250 mm, long carbon fibres: 3 mm.
easier removal of flakes attached only to basal-plane surfaces. Furthermore, carbides can only form a strong bond with the edges of graphite planes [18] . These effects allow weakly bonded graphite flakes to be removed by ultrasonic bath if they are exposed at the surface. Since not all graphite flakes stay in the preferred orientation, there are intact zones of in-plane surfaces after sonication and, conversely, removal of some particles in the perpendicular surfaces. Energy-dispersive X-ray spectroscopy (EDS) analysis was performed in the finished materials, the results are shown in Table 2 together with the calculated initial composition. The total C values correspond to the sum of carbon from graphite and from the carbides. The final values presented are corrected to account for the EDS interaction volume in the graphite matrix higher than in the carbide phases; if no correction is applied, the carbon content is overestimated.
The four grades show a reduction in the metallic content, due to the loss of LP with composition close to the eutectic liquid. This effect is slightly more acute in the grades containing titanium, possibly related to the higher mobility of the LP when including the Ti doping. It is possible to see that molybdenum and titanium remain in the initial proportion, as shown by the Mo/Ti ratio. Table 3 . It is well known that cell dimensions of interstitial carbide phases can vary depending on the carbon content, the small deviations with the literature values could be due to either this effect or to XRD experimental errors.
X-ray diffraction analyses
All grades show graphite peaks corresponding to very high levels of graphitization, matching the positions of the ideal graphite structure (a ¼ 2:4617 A and c ¼ 6:7106 A [35] ). The XRD comparison shows interesting results concerning the carbides. Apart from graphite peaks, grade MG-6530Aa containing no titanium shows multiple peaks matching those of dimolybdenum carbide Mo 2 C and of hexagonal h À MoC 1Àx phases. According to the phase diagram, the hexagonal h À MoC 1Àx is only stable above 1655 + C, while here it is found at RT; this was also observed by Matthews [17] and was explained by that phase being easily retained during furnace cooling. Dimolybdenum carbide Mo 2 C phase suffers a transition between the orthorhombic z À Fe 2 N À type "low temperature" phase and the hexagonal ε À Fe 2 N À type based "middle temperature" phase at $ 1350 + C, and then an order-disorder transition into a L 0 3 À type structure at around $ 1960 + C [36] [37] . Due to the negligible X-ray scattering factor of carbon compared with molybdenum, the orthorhombic z À Mo 2 C phase shows only peaks from the hexagonal partial structure of the molybdenum atoms. Parth e and Sadagopan [38] showed that neutron diffraction is a more appropriate technique for the Mo 2 C phase identification. The relationship between the orthorhombic structure and the hexagonal molybdenum sublattice is given by: a orth ¼ c hex , b orth ¼ 2,a hex and c orth ¼ ffiffiffi 3 p ,a hex . The detected dimolybdenum carbide Mo 2 C phase is referred in Table 3 as orthorhombic z À Mo 2 C, but Fig. 10 shows only the peaks corresponding to its hexagonal molybdenum partial structure.
The face centred cubic (FCC) a À MoC 1Àx phase is not stable under 1960 + C (Fig. 5) . Small additions of elements with affinity for carbon higher than molybdenum, such as hafnium and boron, stabilize the FCC a À MoC 1Àx carbide [39] . The small quantity of added titanium, as seen in the XRD results, is also stabilizing the FCC a À MoC 1Àx phase. Grades MG-6541Aa and MG-6403Ga containing titanium show only the FCC phase a À MoC 1Àx stabilized at RT. Grade MG-6403Fc shows also a very small peak corresponding to the most intense peak (101) of h À MoC 1Àx hexagonal carbide; as the only difference between grades MG-6403Ga and MG-6403Fc is the change in post-sintering treatment temperature, a possibility is a slight change in the cooling rate, which reduced the stabilizing effect of the titanium. Energy-dispersive X-ray spectroscopy (EDS) analysis performed with SEM confirms that the titanium is present only inside the carbide particles and not inside the graphite matrix.
The results of diffraction domain size (crystallite size) from the different samples produced, including the initial Asbury 3260 graphite powder (3 different samples), are presented in Table 4 . For comparison purposes, a commercial material Thermal Pyrolytic Graphite (TPG) produced by Momentive (US) has been characterized at CERN. TPG is a form of HOPG produced by thermal decomposition of hydrocarbon gas, available in sizes compatible with collimators. The values shown correspond to the set of planes (110), which relates to the crystallite size along the basal plane of graphite (L a ). The details of the method are described in section 2.2. The relative increase of crystallite size from the initial Asbury graphite (110 nm) to the sintered MoGr materials (240 À 320 nm) confirms graphitization happening. While the difference in size between the MoGr grades is not significant, the trend follows that of their respective thermal and electrical conductivities, as seen in Table 5 . On the other hand, higher values of crystallite size would have been expected for TPG material, as seen in conductivity values that are more than twice of MoGr in the basal-plane direction, see section 3.3. It is expected that the size of the grains, inversely proportional to the population of grain boundaries, has more influence in the transport properties than the size of the crystallites within the grains. Other methods to assess the actual size of the graphite grains such as Electron Backscatter Diffraction (EBSD) are being investigated.
Thermo-mechanical characterization
Thermo-mechanical characterization results are presented in Table 5 and Figs. 11 and 12 . The properties of MoGr show a Table 2 ). The main contributor to the observed values can only be the graphite matrix because of the small volumetric content of isolated carbide inclusions, which in any case have a conductivity not higher than 2:0 MS m À1 [41] . Thanks to the catalytic effect of the metalcarbon LP, the initial graphite flakes are bonded together in a highly oriented matrix, resulting in high electrical conductivity. Thermal conductivity (TC) approximately follows the trend of the electrical conductivity, with in-plane values at RT approaching 800 W m À1 K À1 ; in TPG, the in-plane TC is 1685 m À1 K À1 . Fig. 11 shows the TC in the two directions and the specific heat. As graphite TC is dominated by phonon conduction, phonon thermal scattering reduces the TC when increasing the temperature. For this reason there is a sharp decrease from RT to around 300 + C. The material still has a TC higher than 500 W m À1 K À1 at 125 + C, a typical maximum operating temperature for electronic devices. On the other hand, in the perpendicular direction, the TC is 55 W m À1 K À1 at RT. This is still a significant improvement compared with TPG (8 W m À1 K À1 in the perpendicular direction). The perpendicular electrical conductivity is around 0:07 MS m À1
(resistivity 14 mU m), compared with 0:0009 MS m À1 (resistivity 1098 mU m) in TPG.
The bending strength is about 75 MPa in the in-plane direction and 12 MPa in the transverse, except for grade MG-6403Fc, where it is 20% lower. The mechanical resistance is one of the biggest drawbacks of TPG, corresponding to 25:5 MPa in the in-plane direction (the perpendicular measurement is not available, but is expected to be negligible due to the weak p bond in graphite).
The secant CTE plotted in Fig. 12 represents the average value in each of the 4 selected ranges of temperature. The in-plane CTE is rather constant in temperature, as opposite to the perpendicular direction, which increases with temperature. The CTE 20e200 C is around 2:2 Â 10 À6 K À1 in the in-plane direction, except in the grade without titanium where it is a bit lower, and in the grade MG-6403Fc with high temperature treatment which exhibits a slightly higher value. In the perpendicular direction the trend is reversed, with an average value around 8 Â 10 À6 K À1 for MG6403Fc, pointing to a lower degree of anisotropy in this grade. TPG has a much higher degree of anisotropy, with an in-plane CTE of À1 Â 10 À6 K À1 and 34 Â 10 À6 K À1 perpendicularly.
Material properties such as bending strength suggest a strong carbide-graphite bond, which not only bridges the original graphite powders along the in-plane direction, but also limits the basal plane slip (shear) and delamination since carbide particles connect edges of graphite particles on several layers [16] [17], see Fig. 9 , significantly improving the strength and the transport properties and reducing the CTE in the perpendicular direction with respect to a highly oriented graphite. While TPG features excellent in-plane thermal and electrical conductivities compared with MoGr, its poor properties in the perpendicular direction hinder its use in HL-LHC collimators.
The residual deformation displayed in Table 5 represents the change in length after a thermal cycle 20 À 1900 À 20 C, typical of a dilatometry measurement, and provides an indication for the internal stresses of the material, generated by the sintering cycle. The measurements show that the material is always more stable in the in-plane than in the perpendicular direction, and the improvement in dimensional stability is proportional to the temperature of the post-sintering treatment.
Thermal diffusivity and CTE are measured from 20 to 1900 + C in inert atmosphere; repeated measurements on the same sample provide the same results, showing that the material is resistant to Table 5 Thermo-mechanical characterization results at room temperature. Fig. 3 .
b By eddy-current method, otherwise by four-wire method. the high temperatures involved in the measurement. The behaviour under oxygen atmosphere has not been characterized yet, but it is expected to be comparable to graphite, as it is the main component of the composite.
Machinability
Since the material is mainly composed of graphite, it can easily be machined with conventional milling tools, in spite of the limited content of hard molybdenum carbides, similarly to other graphitic materials. Dry machining is adopted to assure ultra-high vacuum compatibility; a suction system equipped with filters collects the airborne dust generated during milling. Fig. 13a shows some of the MoGr blocks machined for a full-size collimator test. The blocks, which include features such as functional M8 threaded holes, chamfers or curved surfaces, are machined with a CNC milling machine. Small specimens for mechanical characterization have also been successfully produced (Fig. 13b) .
Discussion
Carbon fibres
Carbon fibres (CF) were added with the purpose of improving the mechanical strength. Some influence in the thermal properties could also be expected due to the highly ordered nature of the pitch-based CFs.
Careful Scanning Electron Microscopy (SEM) examination of the fracture surfaces of bending test specimens revealed no visible trace of CFs. The diameter of the CFs (10 mm) is probably small enough to be dissolved and re-precipitated by the molten Mo-C phase. A similar effect was observed but in solid nickel at 1100 + C in Ref. [42] , where the dissolution-reprecipitation mechanism managed to completely dissolve and recrystallize CFs. In early MoGr grades, which were processed below the eutectic temperature, the CFs were not dissolved and were clearly visible in the microstructural examinations as bundles of agglomerated CFs [24] .
The strengthening effect of the CFs on the mechanical properties is not demonstrated in this study; on the other hand, short CFs seem to have a beneficial role on thermo-physical properties (grade MG-6541Aa).
Titanium
The undoped molybdenum carbides, formed upon solidification of the eutectic mixture, experience three changes of phase until complete cool-down at RT, as shown in the Mo-C binary diagram (Fig. 5) . The phase changes occurring at 1190 and 1655 + C in the binary system are detectable in the dilatometer measurements of perpendicular CTE, only in grade MG-6530Aa (without Ti), due to the change in density of the carbide phases, see Fig. 14 . The phase changes are not visible in the in-plane measurements, either because of the texture of the carbide phases in the material or simply because the measured CTE is lower, leading to lower sensitivity to small variations of length.
The FCC carbides of molybdenum (a À MoC 1Àx ) and titanium (TiC) exhibit completely solid solubility between them, resulting in a carbide phase ðTi 1Àx ; Mo x Þ 1Ày C y , labelled d in the ternary diagram, which is stable over a wide range of temperatures and stoichiometries [43] , see Fig. 15 . The effect of small quantities of titanium in MoGr, around one titanium atom every 9 molybdenum atoms, appears to be sufficient to turn all molybdenum carbide into the FCC phase (a À MoC 1Àx ), over the full range of temperatures of interest.
XRD analyses performed in grades with titanium revealed the absence of hexagonal or orthorhombic molybdenum carbides and the presence of a FCC phase, with a ¼ 4:264 A, except a trace amount of h À MoC 1Àx in grade MG-6403Fc, probably due to the change in thermal treatment. According to the phase diagram Mo-C (Fig. 5) , the cubic a À MoC 1Àx phase is stable only above 1960 + C, thus it is being stabilized down to RT with the Ti addition.
The absence of phase changes in the material is believed to be beneficial during beam impact scenarios, which could locally raise the temperature of collimator absorber materials to thousands of degrees. The presence of strongly stabilized phases usually improves the radiation resistance.
Despite the eutectic in equilibrium with carbon (graphite) moving from 2584 + C in Mo-C system (45at:% C) to 2777 + C in Ti-C system (65at:% C) (Fig. 15 , points e 2 and e 1 ), the small addition of titanium should negligibly raise the eutectic temperature. In fact, a relevant difference in the melting temperature of the carbides was not observed with the sintering system used. The hot pressing strain seems to occur at a faster speed in the grades with Ti, which could be related with a better mobility of the LP Mo-Ti-C. The higher affinity of Ti for carbon with respect to Mo, as seen in the standard enthalpies of formation of the carbides (TiC À 231, Mo 2 C À46 and MoC À10 kJ mol À1 [41] ), could accelerate the catalytic graphitization process. Another difference observed is that the grades doped with Ti behave during machining as a harder material.
Processing temperature and outgassing behaviour
Collimators must operate in ultra-high vacuum (down to 10 À10 mbar) to avoid undesired collisions between beam particles and gas molecules. This level of vacuum requires that collimator materials have outgassing rates lower than 10 À12 mbar l s À1 cm À2 at RT. Several MoGr grades produced exhibit outgassing rates 1 to 2 orders of magnitude above the specification, with gases from air as predominant species. Two sources are considered: the final surface of the blocks and gas trapped in the bulk. Concerning the former, tests are pointing to possible detrimental effects of the machining creating superficial micro-defects prone to gas trapping: this could be mitigated by applying surface treatments after production. As to the latter, special compaction techniques of the powders, changes in the sintering cycle and different thermal treatments under vacuum are being investigated.
To improve the outgassing behaviour, the temperature of the post-sintering cycle was increased in the grade MG-6403Fc in order to exceed again the eutectic point, to help the diffusion and outgassing of gas trapped inside the material, possibly coming from the first stages of pressing.
The higher post-sintering treatment temperature of grade MG6403Fc increased the thermal expansion coefficient in the in-plane direction and decreased it in the perpendicular direction, pointing to a higher degree of isotropy. The fact that the electrical conductivity is similar in grades MG-6403Ga and MG-6403Fc, while the strength in the latter slightly decreases ($ 20%), should be further investigated. A possible explanation is that the post-sintering treatment produces micro-cracks by relaxing internal stresses without breaking the conduction path.
The re-melting of the carbide inclusions in a pressure-free state in grade MG-6403Fc, is certainly releasing internal stresses, and it could also help to orient some graphite crystallites in a more efficient arrangement for an improved thermal conductance.
The reason of the excessive outgassing rates observed is not yet clear and intensive investigations are being performed to address the issue.
Conclusions
A family of graphite-matrix composite materials containing molybdenum carbide particles (MoGr), has been successfully developed for CERN future HL-LHC collimators. It is produced by spark plasma sintering assisted by molten metal-carbon liquid phase. The production parameters and the underlying physical mechanisms e such as catalytic graphitization e have been studied. An extensive characterization campaign has been performed; results have been presented for several of the grades produced. Microstructural and phase analysis have been performed.
As it is mainly composed of oriented graphite, the material exhibits a transversely isotropic behaviour with in-plane properties comparable to those of pure ordered graphites. However, unlike the latter, MoGr keeps reasonable thermo-physical and mechanical properties also in the direction perpendicular to the basal planes, making it in an attractive structural material for thermal management applications.
Small additions of titanium stabilize the FCC a À MoC 1Àx phase down to room temperature. Ultrasonic bath cleaning has been found to modify the surface by removal of some graphite particles, this effect being more acute in surfaces parallel to graphite-basal planes. Carbon fibres seem to be dissolved and reprecipitated as graphite by the liquid phase; however effects on thermo-physical properties may still be attributed to their presence.
In the direction of graphite basal-planes, at room temperature, MoGr features a thermal conductivity approaching 800 W m À1 K À1 and an electrical conductivity of around 1 MS m À1 . The coefficient of thermal expansion (secant) between room temperature and 200 + C is in the order of 2:5 Â 10 À6 K À1 .
The thermal, electrical and mechanical properties of MoGr, combined with its low density (2:5 À 2:6 g cm À3 ), meet the requirements of collimators for the planned upgrade of CERN Large Hadron Collider (HL-LHC). However, the material grades presented in this paper exhibit air outgassing rates exceeding the specification for beam intercepting devices: this aspect is being addressed in order to fully satisfy ultra-high vacuum requirements and qualify the use of MoGr in particle accelerators.
The material can be produced in sizes compatible with industrial requirements and easily machined to the desired shape by conventional milling methods.
Besides high energy physics, the properties of molybdenum carbide -graphite composite make it appealing for a broad range of thermal management applications 4 , particularly in aerospace and electronics, where reduced thermal expansion and low density are required along with high thermal conductivity or thermal shock resistance.
